A subset of genes, known as imprinted genes, is present in the mammalian genome. Genomic imprinting governs the monoallelic expression of these genes, depending on whether the gene was inherited from the sperm or the egg. This parent-of-origin specific gene expression is generally dependent on the epigenetic modification, DNA methylation, and the DNA methylation status of CpG dinucleotides residing in loci known as differentially methylated regions (DMRs). The enzymatic machinery responsible for the addition of methyl (-CH 3 ) groups to the cytosine residue in the CpG dinucleotides are known as DNA methyltransferases (DNMTs). Correct establishment and maintenance of methylation patterns at imprinted genes has been associated with placental function and regulation of embryonic/ fetal development. Much work has been carried out on imprinted genes in mouse and human; however, little is known about the methylation dynamics in the bovine oocyte. The primary objective of the present study was to characterize the establishment of methylation at maternally imprinted genes in bovine growing oocytes and to determine if the expression of the bovine DNMTs-DNMT3A, DNMT3B, and DNMT3L-was coordinated with DNA methylation during oocyte development. To this end, a panel of maternally imprinted genes was selected (SNRPN, MEST, IGF2R, PEG10, and PLAGL1) and putative DMRs for MEST, IGF2R, PEG10, and PLAGL1 were identified within the 5 0 regions for each gene; the SNRPN DMR has been reported previously. Conventional bisulfite sequencing revealed that methylation marks were acquired at all five DMRs investigated in an oocyte size-dependent fashion. This was confirmed for a selection of genes using pyrosequencing analysis. Furthermore, mRNA expression and protein analysis revealed that DNMT3A, DNMT3B, and DNMT3L are also present in the bovine oocyte during its growth phase. This study demonstrates for the first time that an increase in bovine imprinted gene DMR methylation occurs during oocyte growth, as is observed in mouse.
INTRODUCTION
Epigenetic processes are heritable, reversible changes in gene expression that do not alter the DNA sequence. During development, epigenetic modifications regulate accurate gene expression through processes such as chromatin remodeling, histone modifications, and DNA methylation [1] . DNA methylation is the most extensively studied epigenetic modification of the mammalian genome. This modification involves the covalent binding of a methyl (-CH 3 ) group, derived from the methyl donor S-adenosyl-L-methionine, to cytosine residues in the context of CpG dinucleotides [2] . Appropriate methylation of DNA is central in regulating genomic imprinting [3] , X-chromosome inactivation [4] , silencing parasitic sequence elements [5] , and modulating chromosome stability through suppression of satellite repeats [6] .
Nuclear transplantation experiments in the early 1980s, using gynogenetic or androgenetic embryos, demonstrated that both the male and female pronuclei are essential for development and suggested that certain processes occurring during spermatogenesis and oogenesis are required for normal embryonic progression [7] . It is now generally accepted that genomic imprinting is the mechanism associated with asymmetry of mammalian paternal and maternal genomes. Imprinting is a process in which a small cohort of genes are exclusively expressed from a single allele, depending on the parent-of-origin [8] . The genomic arrangement at imprinted loci generally includes 5 0 regions known as differentially methylated regions (DMRs) that are methylated in accordance to paternal or maternal germline transmission. It is widely regarded that DNA methylation marks at imprinted gene DMRs are actively established during mammalian gametogenesis [9] and that methylation has a significant role in regulating imprinted gene expression during embryonic development. For a more comprehensive review on genomic imprinting, see [10] .
The family of enzymes responsible for establishing and maintaining methylation patterns, the DNA methyltransferases (DNMTs), have been well characterized in both mouse and humans [11] . They consist of five members: DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L. DNMT1 is regarded to be the maintenance methyltransferase because of its higher affinity for hemimethylated DNA substrate over unmethylated DNA [12] . The DNMT3 enzymes are required for establishing methylation during gametogenesis and early embryonic development [13] . More specifically, using transgenic mouse models, it has been demonstrated that both DNMT3A and DNMT3L are essential for establishing germline methylation at imprinted loci [14, 15] . DNMT2 has not been shown to have de novo methylation activity in mouse [16] , and it has been proposed to be an RNA methyltransferase that methylates cytosine-38 of the transfer RNA for aspartic acid (tRNA Asp ) [17] . The objectives of the present study are to identify and characterize DMRs of five bovine genes (SNRPN, MEST, IGF2R, PEG10, and PLAGL1), to investigate their methylation dynamics in bovine growing oocytes, and to determine if the expression of bovine DNMT3A, DNMT3B, and DNMT3L is coordinated with DNA methylation during oocyte development.
MATERIALS AND METHODS

Sample Preparation
Immature oocytes were derived from the ovaries of cattle slaughtered at a local abattoir. Oocyte isolation and sizing was carried out as described previously [18] . Briefly, ovaries were sliced with a series of razor blades while submerged in 13 phosphate-buffered saline (pH 7.4) containing 0.5 mg/ml bovine serum albumin (BSA; Sigma-Aldrich) to release the growing oocytes. The oocytes were pipetted vigorously and put through multiple washes to ensure that they were fully denuded. The inside zona diameter of each individual oocyte was measured using an inverted microscope with an eyepiece micrometer, and oocytes were subsequently separated into three groups based on their diameter: 101-110 lm, 110-120 lm, and !120 lm. These size ranges were chosen to include actively growing developmentally incompetent oocytes (,110 lm) and fully grown competent oocytes (.120 lm) [19] . The absence of contaminating cumulus cells on each individual oocyte was confirmed by visual examination at 4003.
Maternally imprinted genes should not be methylated in the paternal genome and are usually hemimethylated in nongametic tissue. Therefore, samples of bull spermatozoa and bovine liver were included in the methylation analysis studies as controls. For sperm, bull semen straws (National Cattle Breeding Centre, Enfield, Ireland) containing 1 3 10 6 spermatozoa/ml were thawed and spun at 6000 rpm for 10 min. The supernatant was discarded and pellets were resuspended in 400 ll DNA lysis buffer, consisting of 10 mM TrisHCl, pH 7.5, 10 mM ethylenediaminetetraacetic acid, 140 mM 2-mercaptoethanol, and 2% SDS (Sigma-Aldrich), and incubated at room temperature for 40 min. Liver biopsies (3 cm 3 ) were collected from slaughtered cattle at a local abattoir and snap frozen and stored at À808C until use. Approximately 100 mg of frozen liver was also suspended in 400 ll DNA lysis buffer and incubated at room temperature for 40 min. Fifteen microliters (150 units [U]) of proteinase K (Roche Diagnostics GmbH) was added to the liver and sperm samples before being incubated at 508C for 16-18 h followed by DNA purification using the Maxwell system (Promega). Liver genomic DNA samples were isolated using a DNeasy extraction kit (Qiagen). For oocyte samples, replicate pools (n ¼ 30) of denuded oocytes were digested at 508C for 16-18 h in 20 ll containing 10 U proteinase K prior to bisulfite modification. Oocytes for bisulfite sequencing (BiS), pyrosequencing (PyS), RNA extraction, and protein analysis were derived from ovaries on independent collections. For BiS, two independent pools of oocytes at each size range were analyzed. For PyS, one independent pool of oocytes at each size range was analyzed.
Bisulfite Modification of DNA DNA was bisulfite modified using the EZ DNA Methylation-Direct Kit (Zymo Research) according to the manufacturer's instructions. Immediately following proteinase K digestion and clean up (liver and sperm samples only), DNA samples (30 oocytes or 500 ng liver or sperm DNA) were modified directly by mixing the samples with 130 ll CT reagent (sodium bisulfite conversion solution) and incubating at 988C for 8 min and 648C for 10 h. Bisulfite-modified samples were transferred directly to Zymo-Spin IC columns preloaded with 600 ll M-binding buffer and mixed by inverting several times. Columns were centrifuged at 12 000 rpm for 45 sec, the flow-throughs were discarded, and the columns were washed with 100 ll M-wash buffer. Two hundred microliters of M-desulphonation buffer was added to each column and left to stand at room temperature for 25 min. Two final wash steps were carried out before eluting the DNA in 18 ll M-elution buffer.
In Silico Identification of DMRs and Primer Design
Primers were designed to identify the DMRs of MEST (NM_001083368.1), IGF2R (NM_174352.2), PEG10 (NM_001127210.2), and PLAGL1 (NM_001103289.1) using MethPrimer (http://www.urogene.org/methprimer/) in accordance to the 5 0 CpG island genomic DNA sequences obtained using the University of California, Santa Cruz (UCSC), genome browser (http://genome. ucsc.edu/). SNRPN DMR primers for BiS were designed as described previously [20] . For all the PyS assays, primers were designed using Pyromark assay design software (Qiagen); PyS primers were HPLC purified, with either the forward or reverse for each gene being 5 0 biotinylated. Bovine DNMT3L primers were designed using primer3 (http://frodo.wi.mit.edu/primer3/) in accordance to the predicted mRNA sequence obtained from Ensembl (http:// www.ensembl.org/index.html) (ENSBTAT00000019812). DNMT3A and DNMT3B primer sequences were described previously [21] .
Number of CpG Dinucleotides Analyzed
A total number of 39 (BiS) and 12 (PyS) CpG dinucleotides were analyzed in the SNRPN DMR. A region covering 24 (BiS) and 15 (PyS) CpGs were analyzed in the predicted 5 0 DMR of the bovine MEST gene, 26 (BiS) and 12 (PyS) for IGF2R, and 14 (BiS) and 8 (PyS) CpG residues in the putative DMR of the bovine PEG10 gene. Finally, for PLAGL1, 31 (BiS) and 11 (PyS) CpGs were analyzed in the putative DMR.
PCR (BiS, PyS, and RT-PCR)
All the PCR reagents were supplied by Invitrogen unless stated otherwise. Conventional bisulfite PCRs were performed in 50 ll containing, 2 ll of bisulfite-treated DNA, 13 Taq DNA polymerase buffer, 2 mM MgCl 2 , 1.25 U Platinum Taq DNA polymerase, 0.2 mM deoxyribonucleotide triphosphates (dNTPs), and 0.2 lM of each primer (Eurofins MWG).
Gel Extraction, Combined Bisulfite Restriction Analysis, and Cloning
PCR products were separated on a 0.75% agarose gel for 1 h at 60 V. Target bands were excised, weighed, and purified using the QIAquick Gel Extraction Kit (Qiagen). Purified PCR products were eluted in 26 ll of nuclease-free water (Promega) and used for subsequent cloning and combined bisulfite restriction analysis (COBRA). For the COBRA, 10 ll of the gelextracted PCR products were digested with either Taq1a or BstUI (New England Biolabs).
Pyrosequencing Analysis
PCR was performed in 25 ll containing 2 mM MgCl 2 , 0.2 lm each primer, 0.2 mM dNTPs, 13 PCR buffer (minus the magnesium), Platinum Taq DNA polymerase, and 3 ll bisulfite-modified DNA. The cycling conditions were as follows: 958C for 5 min followed by 48 cycles of 30 sec each at 958C; either 598C (SNRPN), 568C (PEG10), or 578C (PLAGL1) for 30 sec; 728C for 30 sec, and a final elongation step of 5 min at 728C. PCR products were verified by electrophoresis on a 2% w/v agarose gel before being bound to 2 ll streptavidin-coated Sepharose beads (GE Healthcare) in the presence of 40 ll binding buffer (Qiagen).
Analysis of DNMT Expression and mRNA Expression Using RT-PCR
Total RNA from growth-stage oocytes was isolated and purified using an RNeasy Micro Extraction Kit (Qiagen) following the manufacturers guidelines. Briefly, pools of denuded oocytes (n ¼ 15-30) were mixed with 200 ll RLT buffer containing 0.14 M b-mercaptoethanol and homogenized by vortexing for 2-3 min. Samples were transferred to MinElute spin columns, washed, and subjected to an on-column DNase I digestion to remove genomic DNA. RNA was eluted with 14 ll RNase-free water and stored at À808C. Complementary DNA was synthesized using the high-capacity cDNA reverse transcription kit (Applied Biosystems Inc.). Twenty microliters containing; 10 ll of total RNA extracted from oocyte pools, 13 RT buffer, 4 mM dNTPs, 5 lm random primers, 50 U Multiscribe reverse transcriptase, and 40 U RNase inhibitor were incubated at 258C for 10 min, 378C for 120 min, and 858C for 5 min. The resultant cDNA samples were stored at À208C until subsequent use in PCR reactions. DNMT3 PCRs were performed in 50 ll containing 10 ll cDNA as outlined above. Primer sequences are outlined in Table 1 . Annealing temperatures for each gene were as follows: DNMT3A, 548C; DNMT3B, 548C; DNMT3L, 568C; and PPIA, 588C. The identities of the DNMT3 PCR products were verified by TA cloning (Invitrogen) and sequencing of 5-10 clones per gene (MWG Eurofins).
Protein Expression Using Western Blotting
Oocyte protein samples were denatured by boiling for 10 min at 808C in NuPAGE LDS sample buffer (NP0007; Invitrogen;). Sixty oocytes (equivalent to approximately 12.5 lg protein [22] ) from each size range were loaded on O'DOHERTY ET AL. individual wells and resolved by SDS-PAGE on a NuPAGE 4%-12% Bis-Tris gel (NP0322BOX; Invitrogen). Proteins were transferred to a polyvinylidened fluoride membrane that was blocked with BSA-blocking buffer (5% BSA in 1 3 phosphate-buffered saline with 0.1% Tween-20 [PBST]; pH 7.3), overnight at 48C. Immunoblotting was performed by incubating the membranes in BSAblocking buffer containing anti-DNMT3A (AP1023b; Abgent; 1:200 dilution), anti-DNMT3B (2161S; Cell Signaling; 1:1000 dilution), or anti-DNMT3L (ab3493; Abcam; 1:2000 dilution) for 1 h at room temperature. The specificity of the antibodies was determined using Xenopus oocyte and bovine testis protein samples as positive controls (data not shown). The membranes were subsequently washed in PBST and incubated with the goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (The Jackson Laboratory; 1:20 000 dilution) for 30 min at room temperature. Following washing with PBST, the signal was visualized using ECL Western Blotting Substrate (32106; Pierce) according to the manufacturer's instructions. Membranes were probed with GAPDH (2118; Cell Signaling) as the loading control. DNMT3 protein expression was also confirmed in three replicate pools of 60 immature and in vitro matured oocytes (data not shown).
RESULTS
In Silico Identification of Putative DMRs
The location of the bovine SNRPN DMR used in this study was described previously [20] . To determine the putative DMRs for MEST, IGF2R, PEG10, and PLAGL1, genomic sequences were obtained from the UCSC genome browser (http://genome.ucsc.edu/). CpG islands, similar to those observed in mouse, were shown to be mapped to the first exon/intron for each gene (Fig. 1) . Primers for bisulfite PCR (Tables 2 and 3) were designed according to the CpG island sequences downloaded from the UCSC Web site.
Methylation Profiles Show That SNRPN, MEST, IGF2R, PEG10, and PLAGL1 Contain Fully Methylated and Fully Unmethylated Alleles
Imprinted genes are known to have genomic regions that are differentially methylated between the paternal and maternal alleles. In order to validate our results, we investigated the methylation profiles of SNRPN, MEST, IGF2R, PEG10, and PLAGL1 in the male germline sperm, which contains only the paternal copy, in parallel with a somatic cell type that contains both parental alleles (liver). Methylation values for each gene's DMR revealed a severely hypomethylated status in sperm DNA: SNRPN (2%), MEST (3%), IGF2R (4%), PEG10 (3%), and PLAGL1 (1.5%) (Fig. 2A) . This was further confirmed by combined bisulfite restriction analysis (Fig. 2C) . In liver genomic DNA samples, each gene showed a hemimethylated profile; the SNRPN DMR had an average methylation level of 37.5%; MEST, 31.8%, IGF2R, 46.9%; PEG10, 37%; and PLAGL1, 29% (Fig. 2A) . To confirm that the methylation levels observed in the liver were derived from the presence of both fully methylated and fully unmethylated alleles, and not due to a mosaic arrangement, conventional BiS PCR, cloning, and sequencing was carried out (Fig. 2B) . Bisulfite clones harboring fully methylated and fully unmethylated sequences were present for each gene. These results are in keeping with the mouse and human data and suggest that the regions amplified are potentially the DMRs for each gene. However, because we were unable to completely identify the parental origin of the fully methylated and fully unmethylated alleles, we must refer to them as putative DMRs.
DNA Methylation Imprints Are Acquired During Oocyte Growth
Conventional BiS PCR analysis was employed to determine the methylation levels at the DMRs of SNRPN, MEST, IGF2R, PEG10, and PLAGL1 in pools of 101-110 lm and !120 lm oocytes (Fig. 3A ). An overall increase in methylation for all the genes was observed between the two groups. These findings were validated for three genes-SNRPN, PEG10, and PLAGL1-using PyS analysis of separate sample sets consisting of pools of 101-110 lm and 110-120 lm oocytes. In the 101-110 lm group, very low methylation levels were observed for each gene: SNRPN (5%), PEG10 (12%), and PLAGL1 (13%) (Fig. 3B) . As the oocytes progressed through the growth phase, an increase in DMR methylation was noted: SNRPN (96%), PEG10 (77%), and PLAGL1 (86%). Acquisition of DNA methylation during bovine oocyte growth, at the imprinted gene DMRs, was also confirmed using COBRA (Supplemental Figure S1 , available online at www.biolreprod. org). Taken together, the results observed here illustrate that methylation is acquired in an oocyte size-specific manner during bovine oocyte growth.
De Novo DNMT Expression
DNMT3A, DNMT3B, and DNMT3L mRNA expression was detected in bovine oocytes at each of the two growth stages examined, 101-110 lm and .120 lm (Fig. 4A ). Cloning and sequencing of DNMT3A, DNMT3B, and DNMT3L PCR products confirmed their identity. Protein expression of DNMT3A, DNMT3B, and DNMT3L in the growing bovine oocytes was confirmed using Western blot analysis (Fig. 4B) . These results illustrate that the methylation machinery required for establishing de novo methylation patterns is present during the period of bovine DNA methylation imprint acquisition.
DISCUSSION
The successful progression through key morphological and biochemical events of the oocyte growth phase ultimately affects the developmental potential of the resulting ovulated egg (see [23] for a review). According to data from mice [24, 25] and to a lesser extent human [26] , the establishment of the maternal imprints occurs during the oocyte growth phase. Aberrations in the germline reprogramming of maternal and/or paternal imprinted loci can be associated with reduced O'DOHERTY ET AL.
embryonic survivability [27, 28] . In contrast to mice, the bovine oocyte growth phase is a more protracted process occurring over several weeks [29] . Thus, this process may be particularly sensitive to both external and internal environmental challenges experienced by cattle in various production systems, such as heat stress [30] and negative energy balance [31] , and may contribute to a subsequent decline in the numbers of successful pregnancies observed in these systems. The maternal environment, including diet and disease status, has previously been shown to have an effect on imprinted gene expression in mice [32] . The use of the bovine model could prove useful in further identifying factors involved with the relationship between maternal environment and imprinting defects in a uniparous animal system. In contrast to mice, the emphasis of research in the area of bovine epigenetics has been on aberrations in somatic cell nuclear transfer embryos and mRNA expression profiles of imprinted genes [20, [33] [34] [35] . Therefore, the goal of the current study was to identify the developmental time point in which acquisition of DNA methylation imprints occurs in the bovine female germline. To this end, we selected a representative panel of five maternally methylated genes. To date, only a few studies have investigated the methylation status of imprinted genes in the bovine oocyte [20, 36] . These investigations were predominantly focused on the most comprehensively studied imprinted genes, SNRPN and H19/IGF2. Although these studies provided evidence that the maternally imprinted gene SNRPN and the paternally imprinted H19/IGF2 were methylated or unmethylated in the oocyte, respectively, information concerning the mechanism and dynamics of maternal DNA methylation in cattle is yet unknown. The results presented here show that all the maternally methylated genes analyzed (SNRPN, MEST, IGF2R, PEG10, and PLAGL1) have DMRs present in adult somatic tissue. Overall, these genes were shown to acquire their DNA methylation imprints during the postnatal bovine oocyte growth period, and these imprints are lacking in DNA of spermatozoa. The PyS, BiS, and COBRA experiments were complementary for all the genes with the exception of SNRPN where discordant methylation values were observed for this gene between the BiS and PyS analyses. These variations could be due to a difference in distribution of oocytes in the pools used for the two assays. However, we believe that the results generated for SNRPN using BiS are most representative, based on previous observations in mice demonstrating that Snrpn is methylated early during oocyte growth [25, 37] . Taken together, we have presented novel data illustrating that increasing DNA methylation levels at imprinted gene DMRs are occurring during the oocyte growth phase in cattle. This work adds new insight into the timing of bovine imprint establishment and provides further complementary evidence, confirming findings observed in mice [9] , that mammalian DNA methylation occurs prior to ovulation during the oocyte growth period. Also, IGF2R has been shown to be imprinted in mouse, while its imprinting status remains ambiguous in human where it is thought to be a polymorphic trait [38] . Some earlier work has shown that IGF2R has and PLAGL1 were shown to have both fully methylated and fully unmethylated clones in bovine liver DNA, suggesting that these regions have differentially methylated alleles derived from the maternal and paternal germlines. Open and filled circles represent unmethylated and unmethylated CpG dinucleotides, respectively. C) Combined bisulfite restriction analysis confirms lack of methylation in sperm.
FIG . 3 . Acquisition of DNA methylation at maternally methylated genes occurs in an oocyte diameter-specific manner. Genomic DNA isolated from pools of oocytes divided into different size ranges-101-110 lm (preantral stage), 110-120 lm, and !120 lm (midantral stage)-was bisulfite modified and used as the template for generating PCR fragments for bisulfite cloning and pyrosequencing assays. A) An increasing methylation profile, from small to larger oocytes, was observed for each gene investigated using bisulfite cloning and sequencing. B) The transition from hypomethylated to hypermethylated levels-SNRPN, from 5% to 96%, PEG10, from 12% to 77%, and PLAGL1, from 13% to 86%-was confirmed for selected genes using pyrosequencing.
imprinted expression in several artiodactylan mammals [39] . The results presented in our study provides further supporting evidence that IGF2R is imprinted in bovine and that its imprinted expression may be regulated through a DMR located in intron two. Limited information regarding the regulation of imprinted gene expression, through DMR methylation, is available for the bovine model. Recent investigations have implicated aberrant DMR methylation/imprinted gene expression at the IGF2R, SNRPN, and PEG10 loci with premature mortality in somaticcell nuclear transfer (SCNT) embryos [40] [41] [42] . The DMRs that we have identified for MEST and PLAGL1 in the current investigation could potentially be used, in combination with DMRs that were discovered previously, in future SCNT studies to give a more comprehensive insight into the dysregulation of imprinting observed in cloned cattle. Human-assisted reproductive technologies (ARTs) have become a more common practice in recent years, attributing to up to 3% of live births [43] . However, an increase incidence of rare congenital disorders (Beckwith-Wiedemann and Angelman syndromes) associated with imprinting defects has been observed in ART conceptions (reviewed in [44] ). In vitro technologies such as in vitro maturation, in vitro fertilization, and in vitro embryo production are routinely used in the field of bovine reproduction research. Therefore, taking into account the work presented here, further understanding of the effect of these procedures on DNA methylation at imprinted loci could prove transferrable to ARTs.
In mice and humans, a family of genes, known as the DNMTs, have been well documented for their role in establishing and maintaining genomic methylation imprints [45] . We can confirm from our work that this family of genes are also present during the period of de novo DNA methylation in the bovine oocyte. Sophisticated gene-targeting strategies using the murine model have revealed that the DNMT3 family members, DNMT3A and DNMT3L, are largely involved with establishing maternal DNA methylation imprints [14, 15] and that loss of function of these genes, specifically in the oocyte, is associated with loss of maternal imprinted gene methylation and early embryonic lethality of the resultant progeny. In the same investigation, targeted deletion of DNMT3B in the oocyte did not result in any discernable phenotypic changes. Therefore, it is believed that DNMT3B plays no role in establishing maternal DNA methylation imprints during oogenesis. However, DNMT3B mRNA transcripts [46] and protein [47] are expressed in the murine oocyte, which suggests that they have some purpose during oocyte development or that the transcripts/protein are possibly being stored for downstream embryonic development. Furthermore, promoter switching and the occurrence of sex-specific isoforms is a common feature that has been demonstrated across the various methyltransferase genes [48] [49] [50] [51] [52] . One of the most distinct DNMT sexspecific isoforms is Dnmt3a2, which is specifically expressed in the germline and postimplantation murine embryo during periods of de novo methylation [53] . Interestingly, the findings of the current study confirm expression of two distinct DNMT3A proteins in growing and fully grown bovine oocytes. This would provide, tentatively, the first evidence that promoter switching and presence of sex-specific variants, which is observed in mice, may also be conserved in cattle.
In contrast to the critical requirement of DNMT3L for the establishment of maternal DNA methylation imprints during postnatal oocyte growth in mice, DNMT3L mRNA expression was undetected until postfertilization in human oocytes [54] and was barely detectable in the rhesus Monkey oocyte [55] , leading the authors to suggest a later role for DNMT3L in de   FIG. 4 . Expression of bovine DNMTs is coordinated with acquisition of DNA methylation. A) Semiquantitative RT-PCR amplification of DNMT3A, DNMT3B, and DNMT3L. Agarose gel images showing that the transcripts for the de novo DNMTs are detectable during the bovine oocyte growth phase. PPIA was amplified as a loading control. B) DNMT3 Western blot analysis. Proteins were separated using SDS-PAGE, and immunoblotting was carried out using antibodies specific to DNMT3A (101 kDa), DNMT3B (90 kDa), and DNMT3L (47 kDa). Lane 1: pooled oocytes (n ¼ 69) with diameters ranging from 95 to 110 lm; Lane 2: pooled oocytes (n ¼ 60) with diameters ranging from 111 to 120 lm; Lane 3: pooled oocytes (n ¼ 59) with diameters greater than 120 lm. Expected protein products for the DNMT3 enzymes were detectable throughout the period of bovine oocyte growth. Single specific bands were observed for DNMT3B, DNMT3L, and GAPDH. A second lower molecular weight band, representative of the germline-specific DNMT3A2 variant, was visible in the DNMT3A blot. Anti-GAPDH was used as a loading control.
O'DOHERTY ET AL. novo methylation during early embryonic development and not in the establishment of maternal imprints [54] . It is evident from the current study that DNMT3L is highly expressed in bovine oocytes during the critical period of DNA methylation imprint acquisition. Therefore we propose that, in cattle, DNMT3L plays a role similar to that described in mouse [14, 15] in the establishment of maternal imprints.
In conclusion, the results presented in the current study outline for the first time that DNA methylation levels, at maternally methylated loci, increase during the bovine oocyte growth phase. We have also identified two novel DMRs for the bovine MEST and PLAGL1 genes. Finally, we have identified that the de novo DNMTs-DNMT3A, DNMT3B, and DNMT3L-are expressed in parallel to the acquisition of maternal DNA methylation imprints during the period of oocyte growth.
